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SPECTRAL GAMMA-RAYLOGGING 11 I :
FORMATION AND THIN BED EFFECTS

by

R. D. Wilson and D. C. Stromswold
Bendix Field Engineering Corporation

Grand Junction, Colorado

M. L. Evans, M. Jain and D. A. Close
Los Alamos Scientific Laboratory

LOS Alamos, New Mexico

ABSTRACT

The effect of borehole formation parameters on s~ctral gamma-ray probe
response has been calculated from radiation theory. Result~ are presented for
the effect of formation bulk density and composition on the gamma-ray Fpectra
from potassium, uranium, and thorium.

Experimentally determined response functions are presented for spectral
gamma-ray probes logging through thin horizontal beds of potassium, u-”anium,
and thorium. Potassium and thorium tnin bed results were obtained by
numerical differentiation of the probe response across the interface between a
:hick zone containing potassium or thorium and a thick barren zone. UraniuR
results were obtained both frtnn differentiation of thick zone interface
~/?asbL-ements and direct:y using thin bed uranium models. All measurements
were performed at the U. S. Department of Energy (DOE) calibration facility in
Grand Junction, Colorado, using sodium iodide detectors of various sizes.

Detector size and shape was found to have a larger effect on the thin bed
response functjon than did the formation parameters which can affect the
transport properties of the gamma rays. Results have been ustd to deconvolve
observed borehole logs and obtain concentration with depth for thin ore zones. 8

The quantitative determination of potassium, equivalent uranium or thc,riurn
concentration from spectral g.mma-ray borehole logs may require corrections
for differences in composition between the r.r’J?-.; used for calibration and the
formations encountered in the field. These c~..~pusitional differences are
mainly in tlie forr,~tion’s mtrlx and its moisture content, and they affe~”~ Lhe
gamma-ray transpol L through tlw fo~iition. ThF. importtincc of these iactors on
calculated concentrations is mo~t onsi]y determined through compuLer studfes
bectiu!.< th~~ constiurti~rl of adeqtlilt(~ physicill models is extremely (~iff!(’lllt
and prohibitively uxpcnsiv(~. Lol’l:equrllrly, t ht- transport of giiriml ril~b

Lhrough infin~tt’ ~~diii of different. matrix anti rnuisturc’ conditions II;IS hven
~~ll~(llii~(’d using c(mpllt(~r codes.



When the sources
cbserved within a

of gamma rays are in the
borehole can not be directly

calculations or experimental calibration data

,.

.

form of thin beds, the signal
interpreted ~lth infinite ❑edia
collected on models ‘wi:h thick

beds. It is neces;ary to know the probe’s response to an infinitesimally thin
bed and then deconvolve the observed borehole log to obtain concentrations
along the borehole axis. Computer calculations for thin beds are more
difficult than are calculations for infinite media. Fortunately experimental
data from thin beds can be co’.lected using physical models at Grand Junction,
Colorado. Data frtxn these models provide thin bed response functions for
deconvolution of borehole logs from layered uranium media.

FORMATION EFFECTS Oti GAMMA-RAY SPECTRA

Gamma-Ray Spectral Calculations

Gamma-ray transport calculations
Los Alamos Scientific Laboratory

have been ~rformed (References 1-3) at the
(LASL) in an ●ffort to quantify the fonuation

effects. Gamaa-ray flux spectra were ccaputed for sandstone and shale and for
a variety of water-saturated porosities using gamma raya from the naturally
radioactive isotopes of potassium, equilibrium uranium, and thorium. The
source gamma rsys used as inpul to Lhe calculations are shown in Figure 1
along with their relative intensities. The gamma rays appear as sharp lines
with no backgrotind continuum because formation scatter and detector broadening
are not present. The LASL discrete ordinates transport code ONETIWN
(Reference 4) was upgraded to perform ganma-ray spectra’ calculations with 10
keV energy resolution for media of infinite extension. Using the gamma rays
in Figure 1 as input co ONETRAN the spectra in Figure 2 were obtaxned for an
idealized sandb:one formation with zero porosity. Similar calculations were
also performed for shale and for various porosities and water saturations.
The spectra in Figure 2 illustrate the excelle. t energy resolution of the
calculations and show that the continuum portion of each spectrum becomes
increasingly important at the lower energies. The spctra are those which
would be z;tained from a ‘“perfect”’ gamma-ray detector placed ~ithin an
infinite ued iua containing uniformly distributed potascium, equilbriun
uraniun, and thorium sources. ?lost real detectors will enhance the lower
energy regions of the spectra and introduce additional continuum ccsnponents
and peak broade~ing.

The spectra of Figure ? should accurately represent the actual gamma-ray
energy fluxes for all energies above about 150 keV. For lower energies, the
uraniun and tnoriun fluxes are probably somewhat 1 Ow because X-ray
fluorescence fcr the K-shells of uranium and thorium following photoelectric
absorption has not been included in the transport calculations.

~matlon Densi:y and Z/A Effect

Gamma rays interact with Lhe atomic electrons of materials through the
pho~oelectric cfi”ect, Compton scattering, and pair production. The
photoc’lectric c:fec: varies inversely kth the cube of incident ~ama-ra~
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energy and directly as the fourth power of the atomic number (Z) of the
material. The Compton scattering probability per atom decreases slowly dth
increasing gamma-ray ●nergy and varies directly with atomic number. Pair
production starts at a threshold of 1.02 lleV, and its probability increases
slowly with energy.

For typical geological formations, the average atomic number ranges from 13 to
20. For this range of atomic numbers, Compton scattering dminates the
gamma-ray attenuation process over the energy range from 0.1 MeV to 10 MeV.
When high grade uranium zones or other materials with large atomic numbers are
encountered, the lower limit of this “Compton range” must be raised due to an
increased photoelectric effect. The pair production proceaa becomes
significant only above 10 MeV and dominates 8SM~ ray attenuation above 15
F!eV.

The Comptvn linear attenuation coefficient for a formaciol. containing a
mixture of atomic species can be written

(1)

where ace is the Compton scattering cross-section per electron, So is
Avogadro’s number, ~B is the formation bulk density, and (Z!A) is a partial
density weighted average value of atomic number divided by atomic mass. Since
the Compton scattering mechanism riuninates the gamma-ray interaction process
for typical formations from energies of 0.1 MeV to 10 ?4eVD equation (1)
indicates thst the gamma-ray fluxes should scale Inversely with both formation
bulk density (CB) and partial density weighted average (Z/A).

Computer calculations for infinite media have verified that the gamma-ray flux
spectra do scale as expected with the inverse of formation bulk density.
Calculations have also been performed which test the. (~) dependence by
char!!ing the water-saturated porosity in a sandstone formatton. The gamm-ray
flux was calculated as a function of energy for sandstone with water saturated
porositi~,s of 0.1 and 0.3. The ratio of fluxes for the two porosities has
found to be constan~ at a value of 0.675 over the entire energy range of 0.1
2.6 to MeV which is Lne ra~e of interest to spectral gamm-ray logging.
Below this energy, the composition-dependent change in the photoelectric
cross-section, which increases strongly with decreasing energy, caused the
flux ratio to drop rapidly because of the higher average Z of the 0.1 porosity
water-saturated formation. The constant nature of the flux ratio to 2.6 HeV
indicates that pair production is unimportant to this problem.

The calculated ratio 0.875 is in agreement wit~he value predicted by simple .
inverse scaling with bulk density and average (Z/A). For the sandstone matrix
density of 2.626 g/cm3 used in the computer calculations and for parzi=
density weighted average (~) values of 0.499 and 0.551 for $andstnne



and water, reepect’.vely, the flu ratio predicted W the Product Of inverse
bulk density ad ~ scaling iactors is

Flux ~CiO =
(0.499)(0.7)(2.626) + (0.551)(0.3) = 00877
(0.499)(0.9)(2.626)+ (0.551)(0.1)

(2)

The reeult of equation (2) is the predicted flux ratio based on the change in
the Compton linear attenuation coeffie~ent. The agree~’nt with the ratio
0.875 determined frcm actual trarmport calculations of the gamma-ray spectra
is excellent.

Calculations for other water saturated porosities and for a shale rock matrix
have also been made. In all cases the agreement betwe~n transport
calculations and Compton scaling is excellent over the energy range of
interest for garma-ray logging. This shows that Corapton scattering duninates
the gamma-ray attenuation process. Consequent&the effect of formation bulk
density and canposition-dependent changes in (Z/A) on the gamma-ray flux can
be accurately compuLed by the simple scaling technique. The formation’s
❑oisture affects the gamma-ray flux mainly through the bulk density. For the
example presented in equation (2), the change in fonibetion t=) due to the
decrease from 30 percent to 10 pezcent by volume in ❑oisture content leads to
a one percent increase in gamma-ray flux while the resulting bulk density
increase leads to a 13 percent decrease in game-ray flux.

Effect of Elements with Large Atomic Numbers

The effect of a high concentration of elements with large atomic numbers, such
as uranium (2=92), has been considered. Energy dependent flux raiio~ tiave
been computed for uranium concentrations of 0.06, 0.2, 0.6, 2.0, and 6.0
percent uranium, by weight. Results for 0.06, 0.6, and 6.0 percent uranium
are shown in Figure 3. The flux ratios in the figure wre formed by computing
the flux spectrum at the stated uranium grade and dividing by the reeult for
the same gamma-ray source strength (Figure 1), but for a transport formation
free of the element uranium. Formation bulk density was held constant
throughout. For uranium grades less than or equal to 0.6 percent, the flux
ratio is nearly unity fran 1.0 to 2.6 FleV but it begins co drop at lower
energies. For 0.6 percent uranium, the flux ratio drops to about 0.95 tit 0.3
MeV. For uranium grades below 0.6 percent and for ener,gies greater th~n 0.5
MeV, the flux ratio is unity tc within 1 ~rcent. For uranium grades above
0.6 percent the efiect of uranium content is increasingly important at the low
energies. For the 6 percent case, the flux ratio at 0.3 MeV is aproxiumtely
0.7, which corresponds to a 30 percent drop in the gamma-ray flux. Above 0.3
MeV, the flux ratio for 6.0 percent uranium never reaches a constant “alue
~ith increasing energy. This means that the photoelectric effect and!sr pair
production are important processes, in addition to Cmapton scattering, for the “
entire energy range of interest. Probes calibrated in models with low
concentrations of high atomic number elements will predict inaccurate
concentrations in formations which contain severa~ percent by weight of high
atocic number elements.
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Summary of Formation Effectu

The infinite medic gamma-ray transport result8 have led to the following
conclugiona concerning formation corrections to spectral gamma-ray logs:

1.

1-.

3.

4.

5.

6.

7.

For virtually all formations of interest (8verage atomic number from
13 to 20) the Comptcn E:attering process is the only si~ificant
gamma-ray attemation ❑echanis~ for energies between 0.1 and 2.6 kleV.

The gamma-ray flux at any ●nergy within this range will scale
inversely with the fomation bulk density and with the for~tion .
m.

The formation ~’S varies little from the naninal value of 0.500.
Usuaily the largest changes in (~) are caused by variations in
formation moisture content, but even the largest practical
variations in moisture content yield less than a 2 percent change in
(=) for the formation.

For the energy range of interest in spectral gamnm-ray logging, the
effect of formation compositional changes on gamma-ray flux is well
described by a simple inverse bulk density scaling.

Given a certain gamma-ray source per unit volume from either
potassium, equilibrium uranium, or thoriun, the percent concentration
by we$ght scales inversely with any increase in bulk density due to
additions of other constituents, such as ❑oisture. Since the
gamma-ray flux also scales with the inverse of bdk density, the
gamma-ray flux characteristic of a given element will always be pro-
portional ‘o the concentration, by -igllt, for the element, regard-
less of bulk density.

Spectral gamma-ray field logs can be used to calculate concentrations
in percent or ppm by weight without knowledge of the formation’s
moisture content, if the same moisture content is asaumed to exist in
uoth the calibration ❑odels and the field formations. The error

introduced by making this assumption is related to (~) and it
generally amounts to only abou~ one ~rcent.

Concentrations of elements with large atomic numbers (including
uranium) do not affect gamma-ray transport for the energy range from
0.5 14eV to 2.6 MeV provided their concentrations are less than 0.6
percent. For higher concentrations the gamma-ray flux at the lower
energies becace increasingly attenuated, and at 6 percent uranium
concentration the flux is attenuated by approximately 30 percent
at 0.3 MeV. However, for the energy range from 1 to 2.6 ?leV, which
is of ~articular interest to spectral gamma-ray logging, the flux at
6 percent uranium is attenuated by only 3 percent.

8



THIN BED PROBE RESPONSE

The Geologic Impulse Function

When spectral gama-ray probes pass through thin ore zones, their response co
the sharp zone transitions is smoothed both by the finite length of Lhe
probe’s detector and by the penetration of gamma rays from Lhe ore zone into
adjacent barren zones. In order to reconstmct the true characteristics of
thin zones from gamma-ray logging datd, the “thin bed response” of the
detector must be detemnined. Thi~ response depends on the source gamma-ray
energies, the formation through which the gamma rays must travel, the borehole
conditions, and the probe’s detector.

For infinitesimally small detectors the theoretical work by Czubek (Reference
5) ?redicts that the response function is a two-sided exponential of the i~~.

I(z) - ~ exp(-rjlzl) (3)

where I(z) is the ‘observed thin bed response as a function of position z iron
zhe bed, and a is the Par=eter that detereiries how rapidly the response fal~c
off with Z- The factor a/2 is required for unity normalization of the
function I(z). Equation (3) has been used recently by Cona~aY (Reference ~)
in a new approach to gataaa-ray log deconvelution (zone reconstruction) :h=t
utilizes the principles of Digital Time Series Analysis. Conaway calls the
thin bed function of equatien (3) the geologic impulse fua:tion. The thin bzu
measurements presentei in this paper will be analyzed for the geologi: ixpalse
parameter Q and then applied to an example of the log deconvolution p~otle=,.

When the effect of finite detector length is included, the response func:ion
becoctes ciore complicated (Reference 7):

{

>L
~ sinh ~
L 2

exp(-QIz j for ~z~ -~

I(z) = (:)
~{1-cosh(nz)exp(-~L/2)} for ;2! <+

.

where L is the detector’s length.

Wasurenent of the Geolojzic Impulse Paraaeter a

The parameter n in the geologic impulse ~unction of equation (3) car. be
detemined by direct experimental measurement. The most precise data are
obtained if probe response is measured through a thin zone of the radioactive
species of interest (potassium, equilibriu~ uranium, or tl.mriun). ~ ‘“:k,irl
zone” is one whose thickness is less than half :he detectors length. I< :Fin ,
zones are no; available, the parameter x Czn be determined by ❑ess.~-ing the
probe’s response across a plane interface be:.:een a hono~eneous ore Z:W k~i z
barren zone. Both zones cm~t be at leas: two feet thick to 2F:rcx:.r,z:e
ser,i-izfinite mediz.

Calcui~tions have been performed by Czuaek (Reference 6) that predic: :yoe

value of Q for various ~’alues of the gamma-r=y linear attenuation coef~icient
anc borehole diameter. These calcula:icr.s apply only to c2s:a::e7cd,
unattenuated ganm rays fxon a cylindr:c=l source and they a~s~.e a-,

c1



infinitesimally small detector in a dry boretmle. The =asured a values
preeented in this paper will be cmpared to the calculations of Czubek.

Ore Zone/Barren Zone Interface Results

A thin zone model 18 ●vailabic ●t Grand Junction, Colorado for uranium, but
not for potassium or thorium. Thereiore, ore zone/barren zone interface
profile~ were required to obtain a for the potassium and thorium signals.
Profile measurements were performed in calibration models for probes
containing 1.5 inch diameter ●odium iodide detectors with lengths of 3 and 9 .
Inches.

Potassium (K) model profile results are plotted in semilogarithmic form in
Figures 4 ●nd 5 for the 3 and 9 inch detectors, respectively. The apparent
gradea were obtained from count rates in ●nergy windowti for each detector
using the thick zone matrix calibration technique (Reference 9). These data
=re fit wi~h smaoth curves and numerically differentiated to yield :he
equivalent of a thi~ potassium bed response function. Figures 6 and 7 Are
semilogarithmic plots of differential potarsiur~ grade for ●ach detector
length. These curves represent the geologic impulse functions for a potassium
scurce in a concrete medium with a dry 4.5 inch diameter borehole and for the
3 and 9 inch detector lengths. The shorter detector exhibits an impulse
function that is narrower by 9 cm at full width at half maximum (FUM) and by
only 2 cm at full width at tenth maximum (FWTM). Also , the ❑aximum apparent
differential grades occur as ●xpe:ted at the interface between the two zones,
and the observed ❑aximum is higher for the short detector.

The geologic impulse parameter a can be obtained from the differential curves
in Figures 6 and 7. Equation (4) shows that the predicted geologic impulse
function for a detector of length L falls off expone~tially with decay
constant a for Izl ?L/2. The semilognrithmic plots are in fact nearly linear
for these regions above and below the interface. The slops computsd f:om

straight ?.ine fits in these regions gives the value of a dire:tly. These
values are given on the figures and in Table 1 as ‘measured a “’.

The geologic inpulse response function represented by equations (3) and (4)
predicts that a la independent of detector length. The theoretical
calculations of Czubek (Reference 8) were apPlied to obtain a values for the
1.46 MeV potassium gamma ray in the concrete mediu:” of both the barren zone
and the ore zone. The results are given in Table 1 as calculated a. a is
calculated to be larger in the bsrren zone because of its i~igher bulk density.

The calculated values are in good agreement with the ❑easured u for the 1.5
inch x 3 inch crystal. However, the 1.5 inch x 9 inch crystal yields a higher
measured a than a calculated a. Apparently a depends on detector shape. .
Perhaps this dependence is caused by a decreasing detector sensitivity for
gamma rays Ificiaent on its end. Since the fraction of incident gamma rays
directed a: the end of the detector increases with increasing distance fron a
thin source layer, the result is a drop in count rate with a resulting
apparent increase zn the constant a for the impulse function.

1(I
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Profile results for the thick zones of the uraniun (U) model are presented in
Figure 8 for a 3 inch detector. Follwing the same procdure as with the K
❑odel, differential uranium grades wre cmputed and they are plotted as “X’S”
in the figure. Note that the linear portion of zhe profile (dots) is almost
coincident with the differential dara (X’s) in :he barren zone. This will
happen whenever one of the two regions forming the interface is truly barren.
This was not the case for the K model but is nearly true for the U model. The

a(O~109 cm-~) obtain~ fra the depth profile in Figure 8 is slightly lower
than the average value (0.110 cm-l) obtained from the corresponding
differential grade plot because the ‘“barren” zone is not truly barren of
uranium. Although profile a values ar:! ❑uch easier to detemine because “

- numerical differentiation is not required, the differential grade function
data yield more accurate a’s.

Measured and calculated a’s for the uranium and thorium models are summarized
in Table 1. Comparing measured detector a’s for the 3 and 9 inch derector
lengths, the longer detector consistently yields larger a values for the
barren zone region of the K, U, and Th models. This is because th~ gamma-ray
flux is becoming more highly directed along the detector’s axis as the probe
moves away from the interface into the barren zone. When the detector is In
the ore zone, the gamma-ray flux is more isotropic, and hence the angular
sensitivity differences between a long and short detector are not so tiporfant
to the measurement. Thus, within the ore zones, measured a values are not
very different for the two detector lengths.

Thin Uranium Bed Results

Interface profile measurements of the type preser;rud in the previous section
are difficult to perform because they are L(ailouS ?.nd time-consuming,
especially for small detectors. Furthermore, the c~iculations required to
detemine the differential shape introduce r,oise on the geologic Impulsu
function.

Better results are obtained when thin beds of :ne radioactive material are
available. Thin beds of potassium or thorium are not available, but a 2 inch
thick uranium bed perpendicular to a borehole exists at Grand ,~unction. This
thin bed was used to measure the uranium geologic impulse iunction for several
detector sizes and boreimle Conditions, Results of loggl:.g the thic uranium
bed with a 1.5 inch diameter x 3 inch low sodium iodide detector are given in
Figure 9. The data were collected for a dry, 4.5 inch diameter borcholc
through the thin zone ill a dry condition , and the results have been corrected
for the 3.5 ppm uranium content in the barren zones on eaL”h side of the thin
bet. a values of 0.095 cm-] and (1.099 cm-l were obtainec frun LI]C s]( pc
of linear portions of the semlll$’?arithmic data plot. These value~ :1:L’
preseritd in Table 1 alo~ with results for ot}l~r detectors, probe diamttk’rs,
and bor~hole conditions. Also given in the table is thtI theoretical a v;llm’
of 0.104 cm-] calculntcd frm tl)ework of Czu\JeF..



URANIUM MODEL PROFILE

2,0 Inch Diameter Probe
1.5 x 3 Inch Detector

4.5 Inch Borehole

FWHM= 15,8 cm
a(p~oflle) :0,109 cm-’

—-

●

9

●

●

�✎✍✎

)

i \ ,

/ .— . ,.__.._
\

UPPER

BARREN ORE ZONE \

—.14

30

10

+0
,.

-4

,%
->

0
m

n

u

log

6

4

ZONE
I

.~—
w

-L.. _l,—_l______L_—__J
60 80 100 120 14

01
160

DEPTH (centimeters)

I if:,,, :

1.



THIN URANIUM BED RESPONSE
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Table 1. Geok:ir Impulse ?arameter m

.

6.5 Inch
Borehole
Condition

Faram
HeaauKd

:erfx (cm )
Calculated

+

Barren

Detector
Size

(Inches)
(cm)

?

Ore ?mne Barren

0.122 C.lol1.5X 1 ltim7

25.5

46

49

~ k3dPL

I)iffermtial

Profile

r).lo2 I 0.113
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~ terpretation and Summary of Measurements

Aeaaured and calculated values of the geologic impulse parauter a for
several detector sizes ad for the K, U, and Th window signals have been
summarized in Table 1. The tabie also contains the values of full-width at
half-maximum (FUHM) and full-width at tentlrmaximum (~) for all measurea
impulse furctiona. In all ca$es ❑ea6ured a’s ~re’ determined from the linear
portion of the semilogsrithmic plot of the geologic impulse function. For the
differential profile measurements, the linear ~rtions occurred either in the
ore zone or in the upper barren zone. For the thin bed ❑easurements, the
linear regions are designated in the table as positive (+) or negative (-)
distances either side of the thin bed location within identical barren zones
of water-saturated Band. For a given gamma-ray sigl~al, the differences in
calculated a’e are caused by the differences in reported bulk den6itie6. If
all bulk densities and compositions were Identical, then calculated a ‘s would
be identical for a given ~ignal window , and they would systematically decrease
from potassium to uranium to thorium.

Measured a’s do not follow the variations predicted by the calculations. For
exanq-le, the measured a’s for the thorium signal are comparable to those
observed for the p~tassium signal; and measured values are often lower in the
higher density zones, in disagreement with calculation. Certairl trends are
apparent, however. For a given detector diameter, and fur the th~n bed or
barren zone differential profile measurements, ❑easured values increaee with
increa6~ng detector length. a’s measured within ore zone6 of the K, U, and
Th models using the differential profile technique do not exhibit this
dependence on detector length. These results are most likely caused by the
strong angular sensitivity of the longer detectors which i6 mnre significant
for thin zone and barren zone ❑easurements than it is for the ore zones.
Thus , the detector shape and resulting variations in angular sensitivity seem
to play an important role in determining a, ~rhaps ❑ ore im~rtant than the
transport propertie6 of the gamma rays themselves.

The variation in uranium-to-potassium stripping riltio has been determ:lned for
a 1.5 inch x 9 inch detector iIsa function of distance from a thin uranium ore
zone. This stripping ratio specifies how many counts must be subtracted from
the K window signal due to the presence of a given number of U window counts
and it i6 an ilnporLant quantity in the analysis of KUT logs. The otripping
ratio reached its minimum value of 0.97 near the thin bed center and
increased to about 2.0 at a distance of i7U cm from the thin bed. The cha~e
in stripping ratio can be explained by the fact that as the detector proceeds
away from tile thin bed, the intemening attenllating merlj~lm(wate e~turated
sand) causcfi a build-up of lower energy radiatio~ which causes the tripping
ratio to increase. The stripping :atio at the center of the thin bed is
actually lower than the value for the thick bed case (1.02) becaus~ iLs
scattered companent is less. However, for Lhe range of rlistanc~s containi;~
over 911 percent of the thin bed signal, the strippiilg r~tio :hilnge~ b~ .~IIlv2
percent. Thifi means th~t the analysis of KUT logs for thin, Iayljrcd ZO;)I.JS
will no[ require ildjllstments rIf tile ~tripping r;l.los.

, .;



A comparison of results In Table 1 for the 2 inch x 5 inch detector shows that
the thin bed respnse ftmction is narrowed by the presence of water in the
borehole. Although the FUH’Mis 19 cm for both dry and water-filled boreholes,
a increases by about 10 ~rcent and hence the FW’I?lis smaller by 3 cm for the
water-filled caae. The integral thin bed response hae alsio been calculated by
oumming the respnae over the range ~ 40 cm for both dry and wet borelmles,
and a ratio of dry/wet counts equal to 1.14 was obtuined. This ratio compares

favorably to a water factor correction of 1.17 obtained frcan thick zone
measurements in the Grand Junction KUT water factor ❑odel. It appears that

thick zone water fa~ior corrections will be adequate for thi~, layered

potassi~un, uranium, or thorium formations.

The variations in measured e values for the various detector sizes, using the
thin bed model, indicate the importance of detector size, especially length,
to this puraaeter. The smallest detector tested was 1.0 inch x 2 inch, and it
is encouraging to note that tb,e❑easured a v81ue.s for tiils detector show the
best agreenent with the z calculated assuming an infinitesimally small
detector.

The theoretically predicted geologic impulse function given in eauation (4)
accurately represents the ❑eauured shape over the range of about +30 cm from

the thin bed location. For distances from the thin bed greater th;n +30 cn,
the measured responses far all but the 1.5 inch x 9 inch detector are ~reater
than predicted, rising above the ●xponential asymptotic dependence. The 1.5
inch x !7 inch detector response follow~ !he exponential relrition alnost
exactly. However, the &euIoglc impul:~ pnrame~.er a is strongly affected by
d~tector size and zhape, and it will have to be aetermir,ed experimentally
until proper accou;~t of detector response i.an be incluued in the theoretical
calculations.

RESOLUTIUN OF THIN URANIUM BEDS

Inverse Filter Log Deconvolution ‘Technique

This approach to log deconvolution is ba:;ed on the theory of digital tine
series analysis. Given appropriate functions to describe the logging probe
response to thin zones of potassium, urenium, and thorium, this theo~
predicts an inverse discretized (digital) filttr that, when applied to the

specLral gamm-ray 10S, yields pot~ssl~lm, uraniun, or thorium distributions
wi:h depth.

Conaway has applied this method (Reference 6) h~lng the two sided ex~nential
function of eqwtion (3) to describ~ tht’ geologic imptllse f~ction. The
functlan is realistic only for very ~mall det~~ctors or for detectc~s chose
length is much less than 1/ a . Conaway hus SI1OWTIthat the inverse dlgical
filLvr corrv~pond~rig L(Jvquatioll (3) is gjven by tht,triad

-1.—__. . -. , ] + .-::.. - , .---.1-..
(J,Z)2 (,1:,7. )‘! (,,,.,:(’



where AZ iB the depth interval utilized for the digi:al
the geologic impulcc Parmeter. Since the filter does
detector lmgth, the samplir~ interval Lz must be

gamma-ray log and a is
not acccunt for finite
no smaller thar the

detector’s length. The e~cees?ul deconvolution of gamw.-ray logging data
with the inverse filter technique depends on the correct choice for the

parameter a . In addition, the data mu~t ideally be free of noise since the
introduction of noise (e.g. ul.certainties frm counting statistics) degrades
the deconvolutlon.

Spectral Gamma-Ray LOA of Lay~red Uranium Zone8

The Grand Junction borehole mod~l N5 consists of several horizontal uranium
zones with differing gradeu and thickneeae8. The model was logged statical!.y
at 0.1 foot depth Intervals using a 2 inch diameter probe containing a 1.5
inch x 3 inch detector. The detector was surrounded by a 0.125 inch lead
filter to reduce the detection rate for low energy gammw ray6, and the probe
was calibrated with the lead filter in place using the thick ore zonen of the
K, U, and Th ❑odels. Apparent uranium grades were computed for each depth
within ❑odel N5 using the rssultlng calibration. The apparent uranium grade
verzus depth is plotted in semilogarithmic form as ‘“dots” in F~gure IL]. The
grade is lzbeled “apparent” because the static log has not yet been

deconvolved to remove the effect of the geologic ‘repulsereswnse.

Dcconvoluticn of Spectral Gamma-Ray LOP Of Model !~5

The apparent grade v~rsus depth 10U presentl?d in Figure lo has been
deconvolved with the Inverse filrer in equaLion (5). in the absence of bulk
density data for model N5, the best estim~te that one can make for a iG to
assume the same density as the U model and to employ the avera e obtained from
the U ❑odel differential profile. !This value of U.112 cm- waw decreased
slightly to 0.108 cm‘1 to account for the effect of the lead filter, as
determined from thin bed measurements. When converted to units of inverse
feet, thea estimated for model N5 is 3.3 feet-]. The inverse digital filter

in equarion (5) was computed for an a value of 3.3 feet-l and for a depth

interval~z of 0.3 feet to insure a sampling interval greater than detector
l~ngth. W]len this Inverge filter was appl~ed to the data from 0.3 foot
inEervalE, the deconvolved refiult tended to be negntlvc under certain
ccndltionB (C.M.B when the apparent grade rose rapidly from near zero to very
ltirge values).

Thd parameLer a waR varied in steps of C.1
ierunvolution result~. For each ncw value L a
deqll] data wcrti again deconvolved with the inverse
feet-1 Kave the best agrecmcnL with the assigned
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(dots) between 7.5 arA 8.2 feet provides sup~rt for the choice of 3.6
feet-l for a. Since this region is near the interface between a high grade
ore zone and nearly barren zone, the semilogarithmic plot should contain a
linear portion who~e slope is the parameter a . The canputed slope is 3.6
feet-l , in agreemel,: witn the value obtained by varying a until the beat
agreement with assigned grade was obtained. The 10 percent difference in a

is probably due LO a bulk density or compo~ ition difference between models U
and N5.

Also shown in Figure 10 are a estimates cmputed from other portions of the

static log where the semilcgarithrnic plot is linear. The value of 1.8
feet-l obtained between 9.5 and 10 feet is clearly too low. This value was
included to illustrate the fact that only near the interfaca between two zones
of highly different grade can one hope ru obtain a linea~ slope that is close

LO a. Furthermore, one of the two zorles shoulu be completely barren of
uranium to prevent giving a es~imates that are too sm.zli.

Summary of Inverse FiJ.ter Log Deconvolution

A static spectral gamma-ray log of a layered uranium model was obtained with a
1.5 inch x 3 inch detecror, and the log was successfully deconvolved using the
inverse digital filter technique. The value of the parameter a re uired for

1the roost stitisfactory deconvolution was 3.6 feet-l (0.118 cm- ). Thts
value is 10 percent higher than the a estimate for this detector based on t!le
thin bed measurements. The filter parameter a xas also estimated directly

from the .,lot of the static log. The resulting value was in excellent
agreement with that obtained by the trial and error variation of a to obtain
the best agreement with asstgned grade versus depth.

The principal advantage of the inverse digital filter deconvolution technique
over existing ❑ethods seems to be that it is very fast and provides the
capability to deconvolve field logs in nearly ““real-time”’with the use of
modest ccnnputing capability. Deconvoll]tion in the field my require that th-

parameter be dynamically adjusted to account fo. varying borehole and
formatlou conditions. Conavay (Reference 6) has suggested that a technique
for determining a dynamically in the field is to ob6erve the slope of the
semilogarithmic display of strippd K, U, or Th window concentrations when ore

/zone barren zone interfaces are encountered. ?%1s may prove to be a feasible
field technique, but the static log results presented here show that only when
the grade changec by at least three orders of ❑agnitude at the interfa-~ will
the linear slope of the semilogarithmic interface res~nse be a good meesure
Of a.

AXNOh’LEDC?Z!iTS

This work was supported by the 1!.S. Department of Energv (DOE) under ~onLr;lct

No.EY-76-C-13-16fJ4 to the Bendix Field Engineering CorporaLion, (;rand
Jt,nction, Colorado and Contract ~io.h’-74(~i-En~.j6to Lhe Los Alamos S~.iuntific

Laboratory, Los Alamos, New Wxico.



1.

2.

3.

4.

5.

6.

7.

8.

9.

For

REFERENCES

Flenlove, H. O. , “NDA Technology for Uranium Resource Evaluation, -Los
Alamos Scientific Laboratory report IA-6840-PR (June 1977), 2-12.

llenlove, H.O. , “NDA Technology for Uranium Resourace Evalua:ion,”Los

Jain,

Hill,

‘fiamos Scientific Laboratory report u-6709-pR (February 1977)s
2-4.

M., Close, D. A., F,vans, M.L., “Gammn-Ray Spectral Calculations for
Uranium Hell Logging,” Transactions of American Nuclear Society ~,
(June i978), 113

‘I’. R. , “’ONETRAN: A Discrete tlrdinates Finite Element Code for t},e
Solution of the One-Dimensional Multigroup Transwrt Equation,”” Los
Ala!nos Scientific Laboratory repo=t LA-5950-MS (June 1975).

Czubek, J. A., “’Some Problems of the Theory and Quantitative
I.lterpretation of the Gamms-Ray Logs, ‘“Acts Geonhysica Polonica A,

liO. 112 (1961), 121-137.

Conaway, J. G. and Kllleen, P. G., ““Quantjtatlve Uranium Determinations

from Gamma-Ray Logs by Application of Digit~ Time Series
Analysis,”’ Geophysics, 43, No. 6 (October 1978), 1204-1221.

George, D. Yendix Field Engineering Corporation, privzte
communica~;;n, (1979).

Czubek, J. A., ‘“New Theory, Possibilities, and Pract5ce in Digital
Interpretation of Gamma-Ray Logs,” SPWLA Fourteenth An”-lal Loggin&
SympOsium, (May 1973).

Stromswold, D. C. and Kosanke, K. L., “Calibration and Error Analysis for

Spectral Radiation Detectors,” IEEE Transactions on Nuc&r
Science, NS-25, No. 1, (February 1978), 782-786.

ABOUT THE AUTHORS

the bibliography and photos of the authors see the preceding report
“Spectral Gamma-Ray Logging 11: Eorehole Correction Factors.”’


